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The spin-torque in magnetic tunnel junctions possesses two components that both depend on the
applied voltage. Here, we develop a new method for the accurate extraction of this bias-dependence
from experiments over large voltage ranges. We study several junctions with different magnetic
layer structures of the top electrode. Our results obtained on junctions with symmetric CoFeB
electrodes agree well with theoretical calculations. The bias-dependences of asymmetric samples,
with top electrodes containing NiFe, however, are twisted compared to the quadratic form generally
assumed. Our measurements reveal the complexity of spin-torque mechanisms at large bias.
PACS numbers: 72.25.Ba, 75.60.Jk, 75.76.+j, 85.75.-d
I. INTRODUCTION
The effect of spin-torque1,2 is widely used to control
the magnetization of the free layer in spin valves and
magnetic tunnel junctions.3,4 It can induce both stable
switching and dynamic oscillations.5 Owing to their high
tunneling magnetoresistance (TMR),6 MgO-based mag-
netic tunnel junctions are promising candidates for appli-
cations to memory devices,7 oscillators,8 logic,9 and neu-
ral networks.10 The mechanism underlying spin-torque is
an essential part of these techniques. However, the de-
pendence of spin-torque on the applied bias shows a wide
influence of material parameters that have not allowed to
draw a full picture of this effect yet.11
In general, spin-torque in magnetic tunnel junctions
has two components: one acting as a damping or anti-
damping depending on the direction of the current, the
other one acting similarly to a magnetic field along the
polarizer magnetization axis.12 The damping-like torque
(DL) has first been predicted and observed in spin valve
structures where it increases linearly with current.1,13 In
tunnel junctions, however, the presence of the tunneling
barrier leads to a strong filtering of the electron wave
vectors so that only electrons from a small fraction of the
Fermi surface contribute to the tunneling current.14 As
a result, the electron spin dephasing length is strongly
increased. This gives rise to the field-like torque (FL).
Measurements have revealed that its amplitude can be of
the same order as that of the damping-like torque.2,15,16
For the case of symmetric magnetic tunnel junctions
with identical top and bottom electrodes, theoretical
calculations based on different methods unanimously
yield a quasi-linear bias-dependence of the damping-like
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torque and a quadratic bias-dependence of the field-like
torque.12,17–23 These dependences have also been mea-
sured experimentally.15,24,25 For the case of asymmetric
magnetic tunnel junctions with different compositions of
the electrodes, however, theoretical results that take into
account the different electronic band structures predict
a large variety of bias-dependences.26–30 In general, the
damping-like torque is assumed to gain a quadratic term
whereas the field-like torque becomes linear at small bias.
However, there are few experimental measurements31,32
testing these predictions in junctions with different elec-
trodes, and many questions remain unanswered. In par-
ticular the bias-dependence of spin-torques in junctions
with composite magnetic layers has never been studied.
In order to probe the bias-dependence experimentally
several techniques have been developed.15,32–35 However,
they are either limited to low voltages and demand high-
frequency measurements or rely on critical external pa-
rameters. Here, we present a new technique to determine
the bias-dependences of spin-torques. It is based on sim-
ple dc measurements as a function of applied magnetic
field and bias. Thanks to the TMR effect, the relative
magnetization of the two electrodes is derived from the
resistance. This allows to create the phase diagram of
each junction from which we determine the spin-torque
evolutions with voltage.32,36 For some special cases of
bias-dependence, the critical fields and voltages for mag-
netization reversal can be calculated analytically.32,37,38
However, no analytical solution exists in the general case.
We therefore calculate the phase diagram numerically,
which leaves us free from any restrictions on the bias-
dependence of spin-torques and enables us to reveal de-
pendencies beyond usual assumptions. The comparison
of these numerical simulations to the experimental phase
diagrams finally allows for the determination of the bias-
dependent spin-torques.
We studied tunnel junctions with different top elec-
trode compositions while keeping the same bottom elec-
trode. The samples cover the range from a fully symmet-
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2ric structure with electrodes of the same materials, over
a sample with identical interfaces but different materi-
als in the bulk, to entirely different electrode materials.
The results of the bias-dependent torques in these sam-
ples reveals the need for a more complex description of
spin-torques than commonly assumed.
II. SIMULATIONS
The simulations of the phase diagrams are based on a
macro-spin model of the normalized free-layer magneti-
zation ~m = ~M/Ms. We describe its time-dependent dy-
namics using the Landau–Lifshitz–Gilbert (LLG) equa-
tion with spin-torques:1,39
d~m
dt
= −γ0 ~m× µ0 ~Heff + α ~m× d~m
dt
+ γ0 TIP ~m× (~m× ~p)− γ0 TOOP ~m× ~p . (1)
Here, the effective magnetic field ~Heff includes the exter-
nally applied field ~Hext as well as the contribution from
the shape anisotropy of our films: approximating the thin
free layer as an ellipsoid, the latter is taken into account
by a damping-like uniaxial anisotropy field ~Han and a
demagnetizing field Hd = µ0MsNz with demagnetization
factor Nz perpendicular to the free layer.
40 We simulate
the influece of finite temperature by a three-dimensional
thermal fluctuation field µ0 ~HT at each integration step.
This field’s Cartesian component amplitudes are chosen
independently from a Gaussian distribution of variance
σT =
√
2αkBT/(γ0MsV∆t) with Gilbert damping con-
stant α, Boltzmann constant kB, temperature T , abso-
lute electron gyromagnetic ratio γ0, saturation magneti-
zation Ms, volume V , and time step ∆t.
41 The fixed-layer
magnetization ~p that determines the polarization of the
tunneling electrons is kept constant along the easy axis of
the free layer. Its amplitude is set to |~p| = 1, normalizing
the resulting torque amplitudes.
The amplitudes of damping-like and field-like torque
are functions of applied bias V that are expressed as
Taylor polynomials:
TIP(V ) = a1 V + a2 V
2+ . . . , (2a)
TOOP(V ) = b1 V + b2 V
2 + . . . . (2b)
The fixed parameters used in all simulations are α =
0.01, an elliptical free layer with a minor axis of 70 nm
and a major axis of 170 nm, ∆t = 5 ps, total integration
time tend = 1 ms, a small initial angle between ~m and ~p of
1 mrad, and temperature T = 300 K. The effect of Joule
heating can be neglected in our samples.31,42 The LLG
equation (1) is then solved using the classical fourth-order
Runge–Kutta method. For each numerical integration,
the final state reported in the switching phase diagrams
corresponds to time-averaged values at the end of each
simulation. In this way, oscillatory states result in in-
termediate, non-saturated values as it is the case in dc
measurements.
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FIG. 1. (Color online) Simulated switching phase diagrams
and corresponding spin-torques as a function of voltage. Col-
ors indicate magnetization state where dark (blue) regions
corresponds to parallel (P) and bright (yellow) regions to an-
tiparallel (AP) alignment of the fixed and free layer magne-
tizations. The results shown here are obtained for increasing
field values; the white line marks the switching border in the
case of decreasing field. Each panel shows the effect of one
bias-dependence of spin-torque at a time: (a) Linear damping-
like torque. (b) Quadratic damping-like torque. (c) Linear
field-like torque. (d) Quadratic field-like torque.
As shown in Fig. 1, different bias-dependences of
damping-like and field-like torques result in unique fea-
tures in the switching phase diagrams. First, the influ-
ence of the two types of spin-torques is fundamentally
distinct. As the applied bias increases, the damping-like
component eventually closes the bistable area in which
parallel (P) and antiparallel (AP) configurations of the
fixed and free-layer magnetizations coexist. In contrast,
the field-like torque directly adds up to the external mag-
netic field and results in a shift of the hysteresis curve as a
function of applied bias. Therefore, the bias-dependence
of the field-like torque directly shows up in the switch-
ing phase diagram [Fig. 1(c and d)]. At higher voltages,
the damping-like torque leads to sustained magnetization
oscillations, resulting in a reduced averaged magnetiza-
tion amplitudes [Fig. 1(a and b)]. This allows for an
unambiguous determination of the respective torque am-
plitudes for which we adapt the coefficients of the torques
in Eq. (2) until the simulated phase diagrams match the
experimental ones. In order to estimate the uncertainty
of our results on the bias dependent spin-torques, we vary
each coefficient [ai resp. bi in Eq. (2)] to the point where
the agreement between simulation and measurement is
palpably lost. The errors on the final results that are
given in Fig. 2(m–o) are calculated from the combina-
3tion yielding the highest error for each bias. As we are
only interested in the bias-dependences of the torques
and not in their absolute amplitudes, the assumption of
a fully spin-polarized current does not represent any re-
striction.
III. EXPERIMENTS
The samples have a common layer stack of
CoFe(2.5)/Ru(0.85)/Co60Fe20B20(3)/MgO(1.1)/free
layer (thicknesses in nanometers). In order to elucidate
the influence of asymmetry in electrode composition,
samples with three different compositions of the top
electrode, that forms the free layer, have been fabri-
cated [see Fig. 2(a–c)]. The films were deposited by
sputtering. Then the junctions were patterned into an
elliptical shape (170 nm × 70 nm) by ion milling in
order to introduce an easy magnetization axis thanks
to shape anisotropy. A more detailed description of the
fabrication process is given in Ref. 43.
The experiments consist of dc resistance measurements
while sweeping an external magnetic field parallel to the
easy axis at a certain fixed applied voltage bias. Un-
der positive voltage, the electrons flow from the free to
the fixed layer and a positive magnetic field favors par-
allel alignment of fixed and free layer magnetizations. In
order to remove the strong voltage-dependence of the
resistance, we use normalized values in the diagrams:
Rrel(V,Hext) = [R(V,Hext)−RP(V )]/[RAP(V )−RP(V )],
where RP(V ) and RAP(V ) are fully saturated P and AP
states, respectively, stabilized by high external magnetic
fields [see Fig. 2(d–f)]. As the measurements are taken on
dc time-scales, the free layer magnetization is expected
to be in equilibrium state. The results for a range of
bias values are represented in switching phase diagrams
[see Fig. 2(g–i)]. In these diagrams, intermediate resis-
tance values between the minimum and maximum values
of the static P and AP states correspond to dynamic os-
cillatory states. A small field shift Hsh in the low-bias
hysteresis curves has been subtracted from the presented
data. It most certainly results from the dipolar coupling
to the reference layer due to an incomplete screening.
This subtraction does not influence our bias-dependent
results, but implies that we ignore any zero-bias inter-
layer exchange coupling.44,45
IV. RESULTS AND DISCUSSIONS
A. Symmetric junction
We first performed measurements on samples with
symmetric electrode interfaces, both composed of the
same material (Co60Fe20B20) giving rise to TMR values
of about 130% at low bias [see Fig. 2(d)]. The symmetry
of the junction is also translated into highly symmetric
bias-dependences of the saturated P and AP states re-
sistances [see Fig. 2(d)]. The experimentally obtained
switching phase diagram [Fig. 2(g)] shows a fully closed
hysteretic zone at the center and is mainly symmetric.
This can also be observed in the bias-dependent resis-
tance for the satured states in Fig. 2(d). These measure-
ments could be reproduced by our simulation to a very
good agreement [Fig. 2(j), using a saturation magnetiza-
tion of Ms = 1.38 T, Ref. 46].
The resulting spin-torques [Fig. 2(m)] show the ex-
pected bias-dependences of a symmetric magnetic tun-
nel junction:21 the damping-like torque is a strongly
linear function of voltage with a small quadratic con-
tribution. In contrast, the field-like torque is purely
quadratic and therefore a symmetric function of the ap-
plied bias. These results agree very well with other re-
sults obtained with symmetric magnetic tunnel junctions
by both experimental15,24,25 and theoretical12,17–19,22,23
techniques. They also validate our method for extract-
ing the spin-torque bias-dependences by matching exper-
imental and simulated phase-diagrams.
B. Symmetric interfaces, asymmetric bulk
The second sample with a free layer of Co60Fe20B20
(1 nm)/Ni81Fe19 (1 nm) [see Fig. 2(b)] possesses symmet-
ric interfaces at the MgO barrier but different bulk mate-
rials in the electrodes resulting in a slight asymmetry in
the bias-dependence of the TMR [Fig. 2(e)]. The experi-
mental switching phase diagram resembles that obtained
on the fully symmetric sample [Fig. 2(h)]. However, the
hysteretic zone shows a stronger, linear shift with volt-
age which indicates a non-vanishing linear component in
the bias-dependence of the field-like torque. We were
able to reproduce the experimental result by simulation
with only a small deviation at high negative voltages
[Fig. 2(k), using the mean of the saturation magnetiza-
tions of CoFeB46 and NiFe47 Ms = 1.11 T]. The strong
oscillations observed in the simulations are most probably
suppressed by micromagnetic effects in our samples. The
best agreement to measurements is achieved under the as-
sumption of an increased quadratic damping-like torque
in combination with a clearly linear bias-dependence of
the field-like torque at small voltages [Fig. 2(n) and inset
therein]. At higher bias it finally recovers its quadratic
form as observed in the symmetric junction.
C. Asymmetric junction
In the case of a free layer of Ni81Fe19 (3 nm) [see
Fig. 2(c)], the bias-dependent P and AP state resistances
reflect the strong asymmetry in the junction’s structure
[see Fig. 2(f)]. The switching phase diagram features
strong differences from those obtained for symmetric in-
terfaces [Fig. 2(i)]. Additionally, at room temperature,
the sample is superparamagnetic, not displaying any hys-
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FIG. 2. (Color online) (a–c) Simplified layer stacks of the samples used in this study. (d–f) Voltage dependent resistances of
the saturated parallel (P) and antiparallel (AP) states and corresponding TMR values. Experimental (g–i) and simulated (j–l)
switching phase diagrams. The white lines indicate the border for AP to P state switching for increasing applied fields. (m–o)
Resulting bias-dependent spin-torques as used in the simulations.
5teresis, which can be ascribed at least partially to its
lower saturation magnetization of Ms = 0.81 T.
47
In order to reproduce the phase diagram [Fig. 2(l)], it
is necessary to include a third order voltage term into
the description of the spin-torques’ bias-dependences.
The switching border is mainly influenced by the field-
like torque which is a nearly linear function of voltage
at small bias. A similar dependence has been mea-
sured in other (slightly) asymmetric magnetic tunnel
junctions31,32,48 Theoretical calculations also yield this
linear component.26–28 At higher voltages, however, the
evolution deviates from the previous results. The bias-
dependence is twisted and reigned by a third order term.
The damping-like component also exhibits a mainly lin-
ear bias-dependence at small voltage amplitude as it is
measured in symmetric junctions. However the appari-
tion and subsequent suppression of oscillations, observ-
able through the intermediate relative resistance values
at voltages amplitudes of ±0.4 V, can only result from a
reduction of the damping-like torque amplitude at high
absolute voltage values. These assumptions are in good
agreement with the results of the bias-dependent torques
[Fig. 2(o)].
Higher orders voltage terms in the bias-dependence
have also resulted from the calculations by Tang et al. 27 ,
modeling the asymmetry of the junction by a parameter
describing a shift in the spin-dependent on-site energies
of the two ferromagnetic electrodes. Kalitsov et al. 30
have shown similar results by introducing different elec-
trode interfaces. However, these theoretical results are
linked to negative TMR values appearing in the low
bias region which we did not observe in our sample [see
Fig. 2(f)]. In summary, although many models are in
a good partial agreement with our experimental results,
a full understanding and theoretical description of the
bias-dependence of spin-torques in asymmetric junctions
is still missing.
V. CONCLUSIONS
We have developed a new method to extract the
bias-dependences of the damping-like and field-like spin-
torques in MgO-based magnetic tunnel junctions with-
out any assumption on their variations. A symmetric
junction with identical electrodes of CoFeB exhibits a
linear damping-like and a quadratic field-like torque, as
expected from theory. By introducing an asymmetry in
the bulk of an CoFeB(1 nm)/NiFe(1 nm) free-layer, both
torques are modified: the damping-like component gains
a small quadratic dependence and the field-like torque
becomes linear at small bias. For the case of a com-
pletely asymmetric junction with a NiFe free layer we
found that the bias-dependences are twisted. Both spin-
torques acquire higher order terms and the amplitude
of the field-like torque becomes similar to that of the
damping-like torque. Although this has been partially
predicted by theoretical calculations, more experimental
results are required to fully understand the parameters
that influence spin-torques in magnetic tunnel junctions.
The technique we developed in this manuscript allows
an easy-to-implement and fast way to extract the bias-
dependence of torques in any kind of sample. This will
eventually allow the systematic design of magnetic tunnel
junction structures for specific applications.
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